Despite differences in the processes leading to tissue damage, the ocular irritation response to various surfactants, two concentration s of an acid and an alkali, and an acetone, alcohol, aromatic amine, and aldehyde has been shown to depend on the extent of initial injury. The purpose of this study was to assess the extent to which this fundamenta l relationship exists for bleaching agents in the rabbit low-volume eye test. Ten l l of sodium perborate monohydrat e (NaBO 3 ), sodium hypochlorite (NaOCl), 10% hydrogen peroxide (H 2 O 2 ), and 15% H 2 O 2 was applied directly to the cornea of the right eye of each rabbit. Macroscopic assessments for irritation were made 3 hours after dosing and periodically until 35 days. Light microscopic examinations were conducted on tissues obtained at 3 hr and on 1, 3, and 35 days. In vivo confocal microscopy (CM) and measurements of dead corneal epithelial cells and keratocytes at 3 hours and 1 day were used to characterize quantitatively initial corneal injury, while in vivo CM performed at 3 hours and 1, 3, 7, 14, and 35 days was used to characterize quantitatively the corneal changes over time. The changes with NaBO 3 and NaOCl were consistent with mild irritancy. For both, corneal injury was limited to the epithelium and super cial stroma. The changes with 10% H 2 O 2 and 15% H 2 O 2 were consistent with severe irritation. Both concentrations affected the epithelium and deep stroma, with 15% H 2 O 2 also at times affecting the endothelium. However, unlike other irritants previously studied, with 10% H 2 O 2 and 15% H 2 O 2 there was an incongruit y between the extent of epithelial and stromal injury, with stromal injury being more extensive than epithelial injury. A similar, although less dramatic, effect was observed with NaBO 3 . Additionally, there was still signi cant keratocyte loss at 35 days with 10% H 2 O 2 and 15% H 2 O 2 even though the eyes at times were considered to be macroscopicall y normal. These observations highlight the need to include both epithelial and stromal component s in an ex vivo or in vitro alternative assay. In conclusion, these results continue to support and extend our hypothesis that ocular irritation is principally de ned by the extent of initial injury despite clear differences in the means by which irritants cause tissue damage. Importantly, we have identi ed unique differences in the ocular injury and responses occurring with bleaching agents that are important to consider in the development and validation of alternative ocular irritation tests to characterize a broad range of materials differing in type and irritancy.
INTRODUCTION
A lack of success in efforts to validate alternative tests to replace the use of animals for ocular irritation testing (5, 7, 51) has led us to propose that a better understanding of the critical cellular and molecular changes occurring in in vivo tests is needed (27, (35) (36) (37) (38) (39) 42) . This opinion has been separately supported by groups of ophthalmologists and ophthalmologic scientists advising the International Life Sciences Institute's Technical Committee on Alternatives to Animal Testing and the European Cosmetics, Toiletries and Perfume Association (COLIPA) (8, 51) .
Using light microscopy, we have characterized the general ocular irritancy of a broad sampling of surfactants and nonsurfactants (acid, alkali, ketone, alcohol, aromatic amine, aldehyde) causing slight to severe irritation (36) (37) (38) (39) (40) . Additionally, using in vivo CM, we have characterized quantitatively the corneal changes occurring with these irritants (27-29, 32, 35, 36, 42) . Despite differences in the mechanisms by which these materials may cause injury, the results collectively support our hypothesis that by de ning the initial extent of injury associated with ocular irritation it is possible to predict the subsequent response and nal outcome (27, 29, 32, (35) (36) (37) (38) (39) (40) (41) (42) . Importantly, this leads us to believe that a mechanistically based approach to the development of alternative ocular irritation tests would be to measure microscopically or biochemically the extent of initial injury using either ex vivo or in vitro corneal equivalent systems (36) .
The purpose of the present study was to characterize the ocular irritancy occurring after exposure to bleaching agents. These bleaching materials are oxidizing agents and their mechanism of injury is different from that of the surfactants and nonsurfactants (acid, alkali, ketone, alcohol, aromatic amine and aldehyde) previously studied (27, 29, 32, (35) (36) (37) (38) (39) (40) 42) . H 2 O 2 is permeable to membranes (19) , and has been shown to damage human corneal epithelial cells in vitro (67, 68) . H 2 O 2 is known to react with various cellular components and to exert oxidative damage by causing lipid peroxidation and protein oxidation (72) ; it primarily attacks and destroys the structure of cell membranes (63) . NaOCl is caustic and cytotoxic to all cells, except very heavily keratinized epithelium (53) . Following accidental exposure in humans, NaOCl caused protein denaturation and necrosis (25) . Finally, although NaBO 3 is also an oxidant, to our knowledge its cellular effects in the context of ocular irritation are not known.
The results from our study of bleaching agents continue to support our hypothesis that extent of initial injury caused by ocular irritants determines the subsequent responses and 308 nal outcome. However, compared to other irritants previously studied, we have identi ed unique differences in the initial ocular injury and subsequent responses. We believe these differences are important to consider in the development and validation of alternative tests to predict potential human ocular irritation of a broad range of materials differing in type and irritancy (ie, slight to severe).
METHODS
The methods were generally similar to those previously described (27-29, 32, 35-38, 42) .
Animals and Animal Husbandry
Light Microscopy. A total of 48 adult male New Zealand albino rabbits (Covance Research Products, Inc, Denver, PA) were used. The rabbits weighed 2.0-2.2 kg on receipt and were individually housed in suspended stainless steel cages in an environment-controlled room with a 12-hours light-dark cycle. Rabbits were provided Purina Certi ed Rabbit Chow and water puri ed by reverse osmosis ad libitum. Housing and care were based on those published in the Guide for the Care and Use of Laboratory Animals (50) .
In Vivo Confocal Microscopy and Live/Dead Assay. A total of 100 male and female adult New Zealand albino rabbits (Myrtle's Rabbitry, Inc., Thompson Station, TN), weighing 2-3 kg, and identi ed with ear tags were used in this study. Animals were individually housed in suspended stainless steel cages, in an environmentally controlled room having a 12 hr light/dark cycle. Purina Certi ed Rabbit Chow (8 oz/day) and water (ad libitum) were provided to each animal. All animals were treated according to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research (1) .
Test Materials
The bleaching agents were sodium perborate monohydrate (NaBO 3 ; CAS No. 10332-33-9; Aldrich Chemical Co, Milwaukee, WI), sodium hypochlorite (NaOCl; CAS No. 7681-52-9; Aldrich Chemical Co, Milwaukee, WI), and 10% (w/v) or 15% (w/v) hydrogen peroxide (H 2 O 2 ; CAS No. 7722-84-1; Fluka Chemical Corp., Milwaukee, WI). Different concentrations of H 2 O 2 were tested because macroscopic observations during preliminary tests had indicated a difference in ocular irritancy occurring with 10% and 15% H 2 O 2 .
Experimental Designs
Light Microscopy. Groups of 12 rabbits were treated with each irritant. At 3 hours, 1 day, 3 days, or 35 days after treatment, 3 rabbits in each group were euthanized by intravenous injection of sodium pentobarbital and exsanguination, and the eyes and upper, lower, and third (nictitating membrane) eyelids were collected. Time points were chosen so as to characterize initial injury (3 hours, 1 day), subsequent responses (3 days) and nal outcome (35 days), and were consistent with those used in previous studies (27-29, 32, 35-40, 42) .
In Vivo Confocal Microscopy and Live/Dead Assay. To characterize initial corneal injury at 3 hr and 1 day using in vivo CM and Live/dead assay, a total of 72 rabbits were used. Four groups of 16 rabbits were each treated with a different irritant, and the remaining 8 rabbits served as a control. Following macroscopic and in vivo CM examinations at 3 hr, 8 animals from each treatment group and 4 control animals were humanely sacri ced by intravenous injection of pentobarbital (120 mg/Kg body weight, Abbott Laboratories, North Chicago, IL). Eyes were then collected and evaluated by staining with calcein AM and ethidium homodimer to identify dead epithelial cells and dead keratocytes. Remaining animals from the treatment and control groups were sacri ced at 1 day following examination and the eyes were similarly collected and processed using the procedures detailed next.
To characterize corneal injury and response over time using in vivo CM and confocal microscopic through focusing (CMTF), a total of 28 rabbits were used. All animals were evaluated by in vivo CM 2 weeks prior to the application of the test materials (Predose) in order to measure baseline epithelial cell size, epithelial thickness, corneal thickness and corneal light scattering levels. Groups of 6 rabbits were treated with each irritant, and 4 untreated rabbits were used as controls. Eyes were examined macroscopically and scored for irritation at 3 hr and 1, 3, 7, and 35 days. In vivo CM assessment of the corneas was performed after each macroscopic examination and separately at 14 days. After evaluation at 35 days, the animals were humanely sacri ced as noted above.
Experimental Procedures
Low-Volume Eye Test. The low-volume eye test (LVET) has been shown to be less stressful to the rabbits and is more predictive of human ocular irritancy potential than the standard Draize procedure (11, (16) (17) (18) 37) . Eyes were macroscopically examined with the aid of a penlight to insure absence of ocular abnormalities before dosing. For NaOCl and H 2 O 2 , 10 l l was taken up in a 100-l l Te on tipped Hamilton syringe (Hamilton Co, Reno, NV) and excess test substance was removed from the exterior of the syringe. For NaBO 3 , a powder, the bulk density was determined and used to calculate the weight of material occupying a 10 l l volume. A sample of NaBO 3 was ground with a mortar and pestle, and sieved through a 40-mesh sieve and an amount equivalent to a 10 l l volume of preground material was weighed to the nearest 0.1 mg. The eyelids were gently held open and 10 l l of NaOCl (17.6 micromoles), 10% H 2 O 2 (29.4 micromoles), and 15% H 2 O 2 (44.1 micromoles), or 6.3 mg of NaBO 3 monohydrate (63.1 micromoles) was placed directly above the center of the cornea of the right eye. Eyelids were released immediately after instillation without forced blinking or manipulation. For the light microscopic study, the untreated left eye of each rabbit served as a control. For the CM study, a separate set of control animals was used. Opposite eyes of treated animals were not used as controls because of the potential for corneal damage due to desiccation during the in vivo CM examinations interfering with the normal surface integrity (28, 29) .
Macroscopic Examinations. The eyes were examined for irritation with a penlight, and were scored according to a weighted scale for grading the severity of ocular changes (14) . Degree and area of corneal opacity; iridal congestion, swelling, circumcorneal injection, hemorrhage, tissue destruction and pupil responsiveness; and conjunctival redness, swelling and discharge were assessed, with the maximum total score possible being 110 (cornea 80, iris 10, conjunctiva 20). Mean scores for macroscopic changes associated with the cornea, iris, and conjunctiva were determined. For the light microscopic study, macroscopic examinations for irritation were at 3 hr and on 1-4, 7, 14, 21, 28, and 35 days after treatment. For the CM study, eyes were macroscopically examined at 3 hr and at 1 day to characterize initial corneal injury, and at 3 hr and on 1, 3, 7, and 35 days to characterize corneal injury and response over time.
Light Microscopy. Eyes were placed in Davidson's xative and transferred to 10% neutral buffered formalin (NBF) after 24 hr. Eyelids were collected and placed in 10% NBF. Eyes and eyelids were trimmed, routinely processed, embedded in paraf n wax, sectioned at 5 l m, and stained with hematoxylin and eosin. Sections of eyes for microscopic examination were taken at the level of the peripheral cornea, midperipheral cornea, and central cornea. Three sections of each upper and lower eyelid and 2 sections of each third eyelid were also examined. As in previous studies (36) (37) (38) (39) (40) (41) , microscopic changes were assigned severity grades of 0 to 5 representing unremarkable, slight, mild, moderate, marked, and severe, respectively. Severity grades were assigned based on the estimated extent of involvement ( 5% for slight, 6-30% for mild, 31-60% for moderate, 61-90% for marked, and 91-100% for severe) for each change. Changes were generally of similar incidence and severity across the various sections from each animal. When there were slight differences in severity, the higher score was used to calculate the group mean severity score.
In Vivo Confocal Microscopy. Rabbits were anesthetized and evaluated according to techniques previously described (29, 34, (54) (55) (56) . Brie y, in vivo CM was performed using a modi ed tandem scanning confocal microscope (Tandem Scanning Corp, Reston, VA). For each eye, the central, inferior, nasal and temporal regions of each cornea were evaluated. For each region, four CM through focus (CMTF) scans were obtained using techniques previously published (30, 33, 47) . Quantitative measurements were then made of epithelial layer thickness, stromal thickness, corneal thickness, and depth of injury. Additionally, area under the curve (AUC) was calculated for the CMTF pixel intensity pro le (CMTF AUC ) for each region using previously published methods (29, 30, 47) . Finally, single images of the corneal surface epithelium were taken and used to determine the mean surface epithelial cell size (ie, area). Areas having denudation were not included when determining mean epithelial cell size but were included when determining mean epithelial thickness. All of these techniques have been used previously to measure depth of corneal injury and temporal response of the cornea to surfactants (27, 28, 32, 35, 42) and nonsurfactants (29, 36) as well as to characterize corneal changes following contact lens wear (22, 24, (58) (59) (60) (61) , refractive surgery (45) (46) (47) (48) , and corneal injury (10, 21, 23, 49) . Postmortem Live/Dead Examination. After sacri ce, the corneas were immediately removed and processed for staining with Live/Dead ® R Viability/Cytotoxicity Kit (Molecular Probes, Eugene, OR) according to techniques previously reported (27) .
Statistical Analyses. Statistical analyses of the various parameters quantitated included normal distribution and distribution-free techniques (66) . Comparisons involving measurements made on independent groups of animals were made using Bartlett's test for homogeneity of variance. If Bartlett's test was not signi cant, pairwise comparisons were based on the least signi cant difference criterion. If Bartlett's test was signi cant, these comparisons were based on Wilcoxon's rank sum test. Comparisons of measurements made on the same set of animals at different time points were made using a paired t -test. All statistical tests were conducted at a 5%, 2-sided signi cance level.
RESULTS

Macroscopic Observations
Each irritant was observed to affect the cornea, conjunctiva, and iris. Mean scores, median days to recovery and occurrence of corneal neovascularization were consistently increased for 15% H 2 O 2 compared to those for NaBO 3 , NaOCl, and 10%H 2 O 2 ( Table 1) . For NaBO 3 , NaOCl, and 10%H 2 O 2 , there were not consistent differences across these parameters to allow clear distinction of one irritant from the others. For 10% H 2 O 2 and 15% H 2 O 2 , the mean scores were increased at 1 day compared to 3 hr and then decreased, while for NaBO 3 and NaOCl these scores were decreased after 3 hr ( Figure 1 ). For the CM study, it should be noted that the animals were not macroscopically examined between 7 days and 35 days, whereas for the light microscopic study the animals were examined weekly during this interval. This procedural variance may account in part for some differences in the median days to recovery between these two studies. For animals maintained until 35 days, corneal neovascularization occurred in 1 of 9 (1/9) rabbits treated with NaBO 3 , and 8/9 rabbits treated with 15% H 2 O 2 , but was not observed with NaOCl or 10% H 2 O 2 . At 35 days, corneal opacity was observed in 1/9, 0/9, 2/9, and 4/9 animals treated with NaBO 3 , NaOCl, 10% H 2 O 2 , and 15% H 2 O 2 , respectively. For NaBO 3 , the 1 animal which had not recovered at 35 days had corneal involvement (corneal scores of 20-40) from 3 hr to 35 days. This contrasted with the other 8 animals treated with NaBO 3 that had recovered by 35 days, where 7 animals did not have corneal opacity at any time point during the study and 1 animal had only minimal opacity (corneal score 5) at 3 hr. The fact that one animal's eye did not clear by 35 days suggests NaBO 3 , which is a powder, may have a greater irritation potential than NaOCl.
Based on the maximum mean scores and median days to recovery, the relative rank ordering of these irritants was NaOCl NaBO 3 10% H 2 O 2 < 15% H 2 O 2 .
Light Microscopic Observations
Cornea. For each rabbit, the severity of the changes noted was generally similar in each of the corneal sections examined. At 3 hr, erosion and denudation of the epithelium occurred with NaBO 3 and NaOCl; the incidence and severity of these changes was increased for NaOCl compared to NaBO 3 (Table 2) . For H 2 O 2 , except for denudation in one animal, epithelial changes were limited to erosion/attenuation. Epithelial regeneration was observed with each irritant beginning at 1 day. Minimal or slight attenuation of the epithelium was observed at 35 days in individual animals treated with NaBO 3 , 10% H 2 O 2 , and 15% H 2 O 2 , and slight denudation was observed at 35 days in one animal treated with NaBO 3 .
In the stroma, keratocyte loss/necrosis was observed with each irritant. Notable was keratocyte loss/necrosis with NaOCl at 3 hr, while this change was not observed until 1 day with the other irritants. For 10% H 2 O 2 and 15% H 2 O 2 , there was a discrepancy between the extent of epithelial and stromal injury, with stromal injury being more extensive than epithelial injury ( Figure 2 ). For NaBO 3 , a similar discrepancy was observed but the difference between the extent of epithelial injury and stromal injury was not as dramatic. At In ammation was observed with each irritant. At 3 hr, the in ammation was principally neutrophilic, but beginning at 1 day an increased number of mononuclear cells were observed. Stromal edema was only observed at 3 days with NaOCl and 15% H 2 O 2 . Neovascularization associated with the stroma was observed at 35 days in single animals treated with NaBO 3 and 10% H 2 O 2 , and all animals treated with 15%
Based on differences in the incidence and severity of the microscopic changes, relative rank ordering of these irritants with regard to extent of corneal involvement was NaOCl < NaBO 3 
Conjunctiva
Upper and Lower Eyelids. For each rabbit, the severity of the changes noted was generally similar in each of the sections examined from the upper and lower eyelids. At 3 hr, erosion and denudation of the epithelium occurred with each of the irritants (Table 3) . Epithelial regeneration was observed with each irritant beginning at 1 day. Edema and in ammation associated with the subepithelial stroma occurred in rabbits treated with each irritant beginning at 3 hr. At 3 hr, the in ammation was principally neutrophilic, but beginning at 1 day an increased number of mononuclear cells were ob- Third Eyelid. All irritants affected the third eyelid (nictitating membrane). The changes observed were similar to those observed for the upper and lower eyelids, and the extent of injury was similar for all of the irritants. . At 1 day, note the more extensive injury of the stroma (necrosis/loss of keratocytes) than of the epithelium. Also, at 1 day there is prominent stromal thickening due to stromal edema. Increased corneal thickening with 15% hydrogen peroxide relative to controls at 1 day was con rmed in a separate study using in vivo confocal microscopy (Tables 4 and 5) . At 35 days, note the prominent loss of keratocytes with limited keratocyt e regeneration in an eye that was considered to be macroscopicall y normal. Although the section of cornea shown at 35 days appears thinner than that of the control, in a separate study cornea thickness, as quantitated using in vivo CM, was not signi cantly different for eyes treated with 15% hydrogen peroxide relative to controls ( Table 5 ). (H&E, original magni cation 160). Based on differences in the incidence and severity of the microscopic changes, relative rank ordering of these irritants with regard to extent of conjunctival involvement was 10% H 2 O 2 NaBO 3 15% H 2 O 2 < NaOCl.
Anterior Uvea. Minimal in ammation associated with the anterior chamber and iris/ciliary body was sporadically observed with each irritant across the various time points.
Quantitative Assessment of Initial Corneal Injury
At 3 hr and 1 day, initial corneal injury was characterized using in vivo CM and a Live/Dead assay (Table 4) .
Epithelial Cell Size (ECS)
. At 3 hr, mean ECS was decreased for only the eyes treated with NaOCl when compared to controls (Table 4 ). However, denudation was observed in 9.8% of the regions in eyes treated with 15% H 2 O 2 . As noted previously, denuded areas were not included when determining mean ECS, but were included when determining mean epithelial thickness (below). At 1 day, mean ECS for eyes treated with NaOCl and 15% H 2 O 2 was decreased when compared to controls, while that with NaBO 3 and 10% H 2 O 2 was similar to controls. Denudation was observed in one corneal region of one eye treated with NaOCl and one region of one eye treated with 10% (Table 4 ). However, at 1 day stromal injury was observed with NaBO 3 , 10% H 2 O 2 , and 15% H 2 O 2 . When standardized for differences in stromal thickness, mean NDI at 1 day for 15% H 2 O 2 was increased compared to NaBO 3 and 10% H 2 O 2 , but these differences were not statistically signi cant. Additionally, using in vivo CM, the range of NDI across the regions sampled was 0.0%-18.9% for NaBO 3 , 0.0%-8.4% for 10% H 2 O 2 , and 0.0%-56.5% for 15% H 2 O 2 , with 6.3%, 7.1%, and 40% of the regions having stromal injury, respectively (data not shown). Because stromal injury could be detected but the depth of transition to normal stroma could not be determined due to increased corneal thickness with 10% H 2 O 2 and 15% H 2 O 2 , NDI of injury was determined using the depth to which stromal injury could be detected. Based on this approach, the mean NDI at 1 day with 10% H 2 O 2 and 15% H 2 O 2 was 15.0% 16.3% and 27.4% 15.7%, the range across the regions sampled was 0.0%-50.0% and 0.0%-100.0%, and 20.8% and 76.9% of the regions had stromal injury, respectively (data not shown).
Endothelium. No speci c changes were noted in the endothelium. However, in eyes treated with 15% H 2 O 2 the endothelium could not be detected in some corneal regions that were examined because of marked edema.
Epithelial and Stromal Cell Death. At 3 hr, mean number of dead epithelial cells stained with ethidium homodimer was increased for eyes treated with each irritant when compared to controls, with the mean number of dead epithelial cells being increased for NaOCl when compared to each of the other irritants (Table 4) . At 1 day, the mean number of dead epithelial cells was increased with each irritant compared to controls, except with NaOCl. It should be noted, however, that denuded regions were observed with NaOCl, 10% H 2 O 2 , and 15% H 2 O 2 .
Dead keratocytes were not observed in control eyes at 3 hr or 1 day. At 3 hr, dead keratocytes were not observed in eyes treated with the 4 irritants. At 1 day, dead keratocytes were observed with 10% H 2 O 2 and 15% H 2 O 2 , a few dead keratocytes were observed with NaOCl, but no dead keratocytes were observed in eyes treated with NaBO 3 .
Because of the dif culty of determining NDI in some eyes treated with 10% H 2 O 2 and 15% H 2 O 2 with in vivo CM as noted previously, we attempted to measure NDI using scanning laser CM and the corneal sections used for the Live/Dead assay. Again, no stromal injury was observed at 3 hr with any of the irritants. At 1 day, in eyes treated with 10% H 2 O 2 and 15% H 2 O 2 the NDI was 0.4% 0.9% (range 0.0%-9.0%) and 61.6% 25.1% (range 4.8%-100.0%), with 4.2%, and 100% of the regions having stromal injury, respectively. For 10% H 2 O 2 , there was some dif culty in assessing the stromal injury where the epithelium was still intact, which was most of the cases. Interestingly, in vivo CM measurements indicated that there was signi cant damage to the underlying stroma following treatment with 10% H 2 O 2 in many regions. Since the epithelium remained intact over these regions, diffusion of ethidium homodimer into the stroma was limited making it impossible to accurately determine the depth of injury for corneal sections used for the Live/Dead assay. For these reasons, the measurement of initial corneal injury for the eyes treated with H 2 O 2 is believed to underestimate substantially the depth of injury. For NaOCl, the NDI was 0.1% 0.3% (range 0.0%-1.4%), with 8.3% of the regions having stromal injury. At 1 day, there was no stromal injury with NaBO 3 .
Quantitative Characterization of Corneal Changes Over Time
Corneal injury and response over time were characterized at 3 hr and at 1, 3, 7, 14, and 35 days using in vivo CM and confocal microscopic through focusing (CMTF) ( Table 5) .
Changes in Epithelial Cell Size (ECS).
At all time points, mean ECS was similar for eyes treated with NaBO 3 or NaOCl and controls (Table 5 ). ECS for eyes treated with 10% H 2 O 2 was similar to that of controls at all time points except 35 days when it was increased compared to controls. ECS for eyes treated with 15% H 2 O 2 was similar to that of controls at 3 hr and 1 day, but it was decreased compared to controls at 3 days. At 7 days, ECS with 15% H 2 O 2 had returned to control values, and at 14 days and 35 days it was increased compared to controls. (ET) . For eyes treated with NaOCl, mean ET was similar to that of controls at all time points (Table 5 ). With NaBO 3 and 10% H 2 O 2 , mean ET was increased relative to controls at certain time points beginning at 3 hr but was similar to controls at 35 days. For eyes treated with 15% H 2 O 2 , mean ET was decreased relative to controls from 3 days through 35 days, but these decreases were not signi cant. (CT) . For eyes treated with NaBO 3 , mean CT was similar to that of controls at all time points (Table 5 ). With NaOCl, mean CT was increased at 3 hr compared to controls, but similar to controls at all other time points. For eyes treated with 10% H 2 O 2 , mean CT was increased relative to controls from 3 hr to 3 days, and similar to that of controls from 7 to 35 days. With 15% H 2 O 2 , mean CT was increased relative to controls from 3 hr to 14 days, and was similar to controls at 35 days.
Changes in Epithelial Thickness
Changes in Corneal Thickness
Changes in Depth of Stromal Injury. At 3 hr, stromal injury was not observed with any of the irritants, and at 1 day stromal injury was not observed with NaOCl and NaBO 3 ( Table 5) . At day 1, mean NDI in eyes treated with 10% H 2 O 2 and 15% H 2 O 2 was 3.3% 7.4% and 13.0% 15.5%, Endothelium. No changes in the corneal endothelium were detected by in vivo CM in the regions examined. Scattering) . Increased scattering of light that can be measured by integrating the area under the CMTF pixel intensity prole curve (CMTF AUC ) has been shown to re ect increased light scattering due to corneal in ammation, brosis and neovascularization (28, 29, 46) . For eyes treated with NaBO 3 and NaOCl, CMTF AUC was similar to that of controls at all time points. For eyes treated with 10% H 2 O 2 and 15% H 2 O 2 , CMTF AUC was increased compared to controls at 3 hr through 35 days.
Changes in In Vivo CM Through Focusing (ie Light
Based on the collective quantitative differences, the relative rank ordering of these irritants with regard to extent of corneal involvement was NaOCl NaBO 3 < 10% H 2 O 2 < 15% H 2 O 2 .
DISCUSSION
Extent of initial injury has been shown to re ect level of irritation, extent of subsequent responses, and nal outcome for a variety of ocular irritants, even though there are differences in the mechanisms by which these irritants cause injury (27-29, 32, 35-42) . The results of the present study of bleaching agents support this concept.
Previous studies of ocular irritants revealed slight irritants injure the corneal epithelium; mild and moderate irritants injure the corneal epithelium and super cial stroma; and severe irritants injure the epithelium, deep corneal stroma, and at times the corneal endothelium (27-29, 32, 35-42) . For NaBO 3 , the extent of initial injury was consistent with that of previously studied mild irritants, in that minimal stromal injury was observed in some animals by light microscopy and in vivo CM at 1 day. Although all 6 animals in the in vivo CM study had recovered by 35 days, 1 of 3 animals in the light microscopic study had not recovered by 35 days. This animal was observed macroscopically to have corneal opacity, with neovascularization, and conjunctival reddening. Light microscopic examination revealed the corneal changes in this animal to consist of slight attenuation, slight denudation, and minimal regeneration of the corneal epithelium; moderate loss of keratocytes and slight regeneration of keratocytes; and minimal neovascularization. NaBO 3 is a powder, and powders have been noted to potentially cause mechanical damage as well as cytotoxicity (4) . Additionally, if entrapped under the eyelids, powders may cause higher and more persistent exposure than may occur with liquids (4). Sodium perborate tetrahydrate was speci cally cited as an example of a powder for which the mean irritation scores were relatively low (maximum average score of 30), but because of increased corneal involvement in 2 rabbits at day 21 it was classi ed as being more irritating (4) . With NaOCl, the minimal stromal injury in some animals treated with NaOCl as observed by light microscopy, the Live/Dead assay, and recovery of all animals before 35 days were consistent with NaOCl being a mild irritant.
For H 2 O 2 , the changes were generally similar to other severe irritants previously studied (27-29, 35-40, 42) . As with other severe irritants, the extent of initial injury was observed to extend into the deeper portions of the stroma with both 10% H 2 O 2 and 15% H 2 O 2 , and with 15% H 2 O 2 , was at times observed to involve the endothelium. Additionally, the eyes had not recovered by 35 days.
Although the changes with H 2 O 2 were generally similar to those of other irritants previously studied (27-29, 35-40, 42) , they differed from these irritants in two ways. First, there was an incongruity between the extent of epithelial and stromal injury. Stromal injury was more extensive than epithelial injury for eyes treated with 10% H 2 O 2 and 15% H 2 O 2 . A similar incongruity was observed for NaBO 3 , but the difference between the extent of epithelial injury and stromal injury was not as dramatic. In studies of other irritants, extent of injury progressed through the epithelium into the stroma, with stromal injury occurring beneath the areas of epithelial denudation. This observation highlights the need to include both epithelial and stromal components in an ex vivo or in vitro alternative assay as inclusion of only epithelial components would dramatically underpredict the injury occurring with H 2 O 2 . Second, in eyes treated with 10% H 2 O 2 and 15% H 2 O 2 that were considered to be normal macroscopically at 35 days, there was still slight to moderate keratocyte loss. Therefore, it may be bene cial to include microscopic assessments when assigning extent of irritation for certain classes of irritants, as eyes that appear to be normal macroscopically may have prominent microscopic changes.
For most of the other irritants we have studied the extent of initial injury was generally similar at 3 hr and 1 day. However, the extent of injury with H 2 O 2 was more severe at 1 day than 3 hr. This nding is similar to that observed with formaldehyde (36) , except that the stroma was predominately affected at 1 day with H 2 O 2 , while the epithelium and stroma were affected with formaldehyde.
Variations in extent and patterns of injury may re ect differences in the distribution of antioxidant defense mechanisms in the anterior segment. Scavengers of reactive oxygen species are present in the eye and tears (2, 3, 9, 12, 13, 57, 62, 64, 65, 72) . They can be grouped into nutrients (eg, vitamins A, E, C), antioxidant enzymes (eg, superoxide dismutase, catalase, glutathione peroxidase, metallothionein), several low molecular weight substances (eg, uric acid, GSH, tyrosine), and pigments (eg, ferritin, xanthophylls, melanin, tryptophan oxidation products) (9, 64) . The distribution of certain of these scavengers in the different structures of the eye is known to vary. For example, the activity of catalase, which catalyzes the conversion of H 2 O 2 to water, has been shown to be higher in the conjunctiva than the cornea (43) . Additionally, differences have been shown to exist within the cornea. For example, superoxide dismutase, catalase and glutathione peroxidase are present in the corneal epithelium and endothelium but absent or minimal in the stroma (2, 3, 13, 57, 72) . Furthermore, ferritin, which protects against UV-induced, free-radical nuclear damage, is present in only the corneal epithelium (9) . Differences such as these may help explain variances in injury between the cornea and conjunctiva, as well as variances in injury between the corneal epithelium and stroma.
At 35 days, we note that there was an absence of brosis with H 2 O 2 , whereas brosis has been noted with severe irritants such as 8% sodium hydroxide, 37% formaldehyde, and cetyltrimethylammonium chloride (36) (37) (38) . As already noted, a key difference in the corneal injury occurring with H 2 O 2 compared to these other irritants was the presence of prominent stromal injury, with signi cantly less injury to the epithelium. These differences are somewhat similar to those occurring with different types of refractive surgery (52) . With laser in-situ keratomileusis (LASIK), the anterior portion of the cornea is elevated as a ap prior to excimer laser photoablation of the underlying stromal bed. Following photoablation, the ap is replaced, essentially leaving the corneal epithelium undisturbed. Following LASIK, the corneal stroma generally remains clear and transparent. In contrast, with photorefractive keratectomy (PRK), where the surface epithelium is removed prior to photoablation, there is a greater tendency to develop corneal haze and brosis. These ndings have prompted some investigators to suggest epithelialstromal interactions may control the stromal brotic response (20, 52, (69) (70) (71) .
Differences between the stromal changes occurring with the different types of refractive surgery and those occurring with H 2 O 2 and other irritants may re ect the extent to which the keratocytes become activated. Fini et al (15) have noted that the choice between regeneration and brosis lies in the control of the broblast phenotype. Activated keratocytes and keratocytes transformed to myo broblasts using transforming growth factor-b have been shown to be associated with increased collagen deposition and collagen disorganization (26, 33, 44) . Wachtlin et al (70) have suggested that differences in keratocyte activation with PRK and LASIK may re ect differences in cytokine-mediated interaction between the epithelium and stroma. In support of this premise, clinical studies have revealed that transplantation of amniotic membranes that release various cytokines reduces corneal scarring (69) . On the other hand, keratocyte activation has been shown to occur when keratocytes are cultured in the presence of serum (6, 31) , and an intact epithelial layer may act as a direct barrier to the diffusion of serum factors into the stroma.
Finally, we have noted that the eyes of some animals treated with H 2 O 2 were macroscopically normal at 35 days, despite loss of keratocytes and presence of keratocyte regeneration. This observation may also re ect the extent to which the keratocytes become activated. Jester et al (30) have observed a reduction in the expression of "corneal crystallins" associated with activated keratocytes in opaque compared to transparent corneas. The absence of gross opacity seen in the present study may re ect in part the presence of a more normal keratocyte phenotype and crystallin protein levels following injury than occurs following exposure to other types of irritants.
In conclusion, we have provided a detailed pathological characterization of ocular irritation occurring over time with bleaching agents. The results further support our hypothesis that by de ning the initial extent of injury associated with ocular irritation it is possible to predict subsequent responses and nal outcome. They continue to support the development of mechanistically based alternative ocular irritation tests based on the microscopic or biochemical measurement of initial injury using either ex vivo or in vitro corneal equivalent systems (36) . Importantly, our results demonstrate circumstances under which there may be dramatic injury of the corneal stroma without corresponding signi cant injury to the corneal epithelium, and at times without corresponding macroscopic changes. These ndings should be important to the development and validation of alternative tests to replace the use of animals for ocular irritancy testing of a broad array of irritants.
